Experiments have been conducted to study the response of curved aluminum and graphite-epoxy fuselage structures to flow and sound loads from turbulent boundary layer, tonal sound, and jet noise. Both structures were the same size. The aluminum structure was reinforced with tear stoppers, while the graphite-epoxy structure was not. The graphite-epoxy structure weighed half as much as the aluminum structure. Spatiotemporal intermittence and chaotic behavior of the structural response was observed, as jet noise and tonal sound interacted with the turbulent boundary layer. The fundamental tone distributed energy to other components via wave interaction with the turbulent boundary layer. The added broadband sound from the jet, with or without a shock, influenced the responses over a wider range of frequencies. Instantaneous spatial correlation indicates small localized spatiotemporal regions of convected waves, while uncorrelated patterns dominate the larger portion of the space. By modifying the geometry of the tear stoppers between panels and frame, the transmitted and reflected waves of the aluminum panels were significantly reduced. The response level of the graphite-epoxy structure was higher, but the noise transmitted was nearly equal to that of the aluminum structure. The fundamental shock mode is between 80"
for the underexpanded supersonic jet impinging on the turbulent boundary layer influencing the structural response. The response of the graphite-epoxy structure due to the fundamental mode of the shock impingement was stabilized by an externally fixed oscillator.
The anechoic wind tunnel at Langley can accommodate a section of curved full-scale fuselage structure. Experiments were conducted to investigate the response and assess the use of graphite-epoxy structures to replace aluminum ones. Load, response, and noise radiated from two structures forced by a turbulent boundary layer, tonal sound, and jet noise were investigated. The methods adopted were general and apply to analysis of and observations from the instability of flow, structure, and sound radiation. The goal was to extract physical information from experiments for modeling and developing prediction methods applicable to nonlinear convecting fluid and sound load problems. A classical problem in structural dynamics is the response and transmission of sound *Senior Research Scientist, Associate Fellow through a flat plate. However, aircraft structures are curved, pressurized, and forced by a turbulent boundary layer and the sound from the power plant. Little is known about how these features affect the response and noise transmission on curved structures. For these reasons, experiments and numerical simulations have been conducted to obtain results useful for industrial applications. [1] [2] [3] The wall pressure fluctuation generated by the turbulent boundary layer is nonlinear and so is the response of the structure when a high intensity sound is imposed, The theory of boundary layer instability was discussed comprehensively in Landau and Lift~hitz.~ In the study presented here, the spectrum distribution contained harmonic peaks on the broadband and the dynamics changed over a wide range in the phase space. Depending on the levels of the tonal sound and jet noise, the structure manifested different types of responses, from periodic to spatiotemporally chaotic. A systematic analysis of the data were done to detect aperiodic waves and the breakdown to chaotic state response.5-7
A number of papers has been written on nonlinear processes of an elastic panel, such as nonlinear modal interaction and chaotic behaviors.*-I0 To seek an understanding of the present experimental data,' mathematical models were intr~ducedl-~ to study the stability of the structure and to demonstrate the feasibility of active control. Recently, several significant contributors have studied the general and specific aspects of temporal and spatiotemporal chaos, including control of chaotic responses in spatially developing flows. [13] [14] [15] [16] [17] [18] [19] Experiments on the excitation and control of a frame-stringer structure forced by shock noise from a jet exhaust were reported.20 Early experiments recognized that the instability of the jet column, due to the feedback loop between fluid flow and sound, was the cause of a powerful acoustic tone.21 Later work shows that the self-excited oscillation (screech tone) contributes to the sound amplification at angles of 30°, go", and 120" from the jet Numerical work on the panel response forced by the sound of subsonic and supersonic jets demonstrates that the acoustic load is a result of in~tability.~~ The present paper examines three areas of interest, one is the nonlinear responses of aluminum and graphite-epoxy structures, the second is the control of the responses and the third is the transmission of acoustic energy. The acoustic wavelengths are long enough, so that the spatial growth of the fundamental mode and harmonic mode are significant as the instability of the boundary layer grows. This paper is organized as follows. Section 2 describes the test facility and the unique anechoic test section, the geometry of the models, and instrumentation. Section 3 is concerned with the data analysis methods for nonlinear system response. Section 4 presents the main results of the study. Section 5 describes the wave transmitted through the structures.
Section 6 describes the control of structure response. Section 7 is the conclusion.
Test Facilitv. Models. and Instrumentation
Experiments were conducted in a subsonic wind tunnel with an anechoic test section to study boundary layer and sound interaction problems in a simulation of an airplane fuselage structure in a flight environment ( fig. l(a) ). In these experiments, the structures were curved fuselage types, one of aluminum ( fig. l(b) ) and the other of graphite-epoxy ( fig. l(c) ). The aluminum panel was apprgximately twice the weight of the graphite-epoxy. The structures were mounted on the side wall of the test section opposite to the anechoic wall where the acoustic source was located. The structures were 0.609 m wide, 3.048 m long in the direction of flow, with a radius of curvature of 2.529 m.
The aluminum structure was machined from a plate into six panels separated by one longitudinal and two lateral tear stoppers equally spaced at distance L (figs. l(a) (b)). The panels were 0.0109 cm thick and the boundaries between panels and tear stoppers and the outer frame were smooth with 1.25-in-radius of curvature to minimize the amplitude of reflected waves at the boundaries. The geometry of the tear stoppers was a departure from the standard blunt discontinuity used in aircrafts. Past experiments using soft boundaries (rubber wedges) or a gradual increase in the metal thickness toward the rigid frame indicate significant reduction in response and interior noise in wind tunnel and in flight experiment^.^^^^^ The graphite-epoxy structure was 0.021 cm thick and was made of seven layers oriented at 45", 90", and -45" in a single curved panel without tear stoppers. The graphiteepoxy structure was designed to eliminate the surface discontinuity and the sound due to wave scattering at the boundaries ( fig. l(c) ).
The wind tunnel anechoic side wall is a unique construction that is designed to minimize broadband acoustic pressure at the test section. It consists of low frequency absorbers, which are 1 m long anechoic wedges and a high frequency absorber, which is a 
Data Analvsis
Several difficulties existed in the interpretation of the experimental results, in the classification of the responses, and in the selection of the observed data. In the laboratory, waves in flows and on structures evolve in space and in time. Noise from a jet is produced by both axisymmetric and helical modes. High amplitude screech tones from the jet and tonal harmonics from the acoustic sources are observed in combination with broadband spectrum, each having different directivity and power
Extracting physical information from experiments is essential to understanding the dynamics of unsteady loads. The information needed includes (a) data relevant to tonal sound coupling with the boundary layer (b)the effects of the screech mode direction and level on broadband response (c) local and global dynamics of acoustic radiation (d) rescaling data into full size engine noise loads on a fuselage structure in forward motion The time trace of the measured quantities, which is irregular, quasi-periodic, or chaotic, was used for the interpretation of the experimental observations. The time history of the wall pressure fluctuation, structure acceleration response, and acoustic transmitted pressure were measured. The power spectrum density, the phase portrait, the probability distribution, and the Liapunov In the laboratory, no measurement can be performed with extreme accuracy and therefore no matter how good an initially identified model is, the predictions will worsen in the course of time. Consequently, comparison will not be of much help in validating identified models if they are sensitive to initial conditions since the quality of predictions is proportional to the accuracy with which the initial state was measured.
Experimental ResulQ
Pattern selection of the wall pressure fluctuations was observed. This selection occurs intermittently. The most complex dynamic response is not governed by the turbulent boundary layer alone, but by the turbulent boundary layer in the presence of high intensity tonal sound and sound from high subsonic jet or from an with the increase in the sound level, the load and the response assume deterministic spatiotemporal distributions over the surfaces of the structure, and eventually lead to chaotic rnoti~ns.~.'*J~ For a duration E of run* wherez(t*-%y) denotes the panel underexpanded supersonic jet. As nonlinearity increases displacement at time t and point L. Given the measured acceleration g(t,x,y), the displacement t Can be computed by two-term Taylor series expansion for a small time increment of At
The turbulent boundary layer in the wind tunnel is receptive to high intensity sound; as a result, the thickness and the wall pressure fluctuations increase.30
The measured real time pressure p(t), the computed power spectral density PKT), the phase plots of the computed d ( t ) versus p ( t ) , and the computed probability density Q(r,T) are shown in figures 2(a), The real time pressure p(t) is shown for an interval of 0.02 sec near the instant T and was used for the evaluation of the instantaneous plots of spectrum, phase, and probability. The spectrum of the pressure fluctuations, varying from 40 to 140 dB, is also shown. The static pressure inside the wind tunnel was below the ambient pressure outside the wind tunnel in simulation of an aircraft structure load in flight. Thus, the structure in the tunnel tends to deflect toward the moving stream. Because of the difficulty in measuring displacement or velocity of the response of the structure, the acceleration is measured instead.
4b-1. Aluminum Structure The instability in the turbulent boundary layer caused surface waves in the structure along the direction of flow. The surface waves decay with distance at a slower rate than that in the flow. Results show that the spatial scale in the boundary layer flow approximated the boundary layer thickness, while in the structure the surface waves propagated over several boundary layer thicknesses. Laterally, the waves had nearly zero phase shift and were nonconvecting or kinematic. The waves maintained high correlation values with distance. Figure 3 shows an example of the instantaneous space and time response g(x,t) from an array of four longitudinal accelerometers placed 12.5 crn apart between locations 1 and 4 ( fig. l(b) ). The convected disturbances on the surface of the structure are indicated in the figure.4925$26
Tear stoppers are used in aircraft structures to prevent cracks from propagating. A tear stopper is a local thick aluminum strip that is thicker than the skin and is glued or riveted to it. As a result, the discontinuity in the surface becomes a source of noise radiation, A classical example is that of an infinite panel (panel without surface discontinuity) radiating no sound as long as the waves are subsonic. To reduce tear stopper noise, the geometry was changed. The aluminum structure is a plate which was machined into six panels separated by tear stoppers. The tear stoppers gradually increase in thickness and decrease into the next panel without changing the total mass compared with a standard tear stopper. (fig. (4) ). The use of time averages for space and time correlation along the direction of flow R ( x 1 j 2 ;~) where z is the time delay ( fig. (4) ) maintains larger correlations along the length than that of real time snapshots ( fig. (3) ). The time averages are used to describe a special property of structural waves in the presence of a boundary shown in figure 4. Reduction of waves transmitted through tear The time history g(t), shown for an interval of 0.04 sec near the instant T, is used to evaluate the instantaneous spectrum GET), phase g ( t ) versus g(t) , and probability g ( r , t ) . Figures 5(a), (b) show distinct differences between the response from the turbulent boundary layer and with added pure tone sound. The real time response is amplified, the pure tone frequency with its harmonics and subharmonic exceeds the Figure 5(c) shows four plots of the interaction of the pure tone sound with sound from Me = 0.90 jet and the structure. The amplitude rises in the broadband spectrum when compared with tone case ( fig. 5(b) ).
The time and phase data have become irregular and the entire record appears nonperiodic, chaotic, and convecting. The fundamental tone maintains a level above the broadband and the probability has a nonsymmetrical distribution. To illustrate the spatial response of the loading for the interaction of the pure tone sound with sound from Me = 0.90 jet, four real time plots simultaneously recorded at locations 7, 8, 9, and 10 are shown in figure l(b) . The results are shown in figure 6 . The response data indicate the existence of a complicated independent spatial pattern or multiple domains. These figures also indicate that short time scales are highly inhomogeneous, thus providing an additional example of extended unconelated space. Measurements are also made upstream of the nozzle at location 1 where the fundamental screech tone attains a maximum amplitude, and downstream at location 9 where the first harmonic screech tone attains a maximum ( fig. l(b) ). Results are shown in figures 7 at locations 1 and 9. The shape and the level of the power spectra and the phase with time plot provide another useful characterization of the convective chaotic fluctuations. The spectrum level is nearly constant and the shock peak frequencies are two orders of magnitude above the broadband level. Extensive measurements have been made in the study of screech To substantiate a chaotic state, the Liapunov exponent, h is estimated from data on the structure between locations 1 and 10 ( fig. l(b) ). Turbulent boundary layer loads indicate values between -0.3 to -0.02, while turbulent boundary layer and sound from underexpanded supersonic jet loads indicate values between 0.9 to 1.7. The calculation procedure is repeated until a fiducial estimate is obtained. These numbers quantify the degrees of stability at some point on the surface. The variation of the estimated values indicate the deficienc of the estimation process when Liapunov exponent estimate was positive corresponded to conditions in which the standard deviation is nonzero. 4b-2 m v S t n x t u~ The graphite-epoxy structure is a single curved sheet without tear stoppers.
The response is measured along the center line at locations 3 and 7 ( fig. l(c) ). The power spectral density of the acceleration response GMt) is shown in figures 8(a), (b) without and with pure tone sound forcing on a turbulent boundary layer. The power spectral density is smooth and continuous when excited by the turbulent boundary layer, and the amplitude level is higher than the level observed for the aluminum structure by a factor of four. With the added pure-tone sound ( fig.  8(b) ) shows a spike at the forcing frequency of 1225Hz, which exceeded the amplitude of the broadband level by 25 dB and the spikes of two harmonics above the broadband. The energy transfer from the fundamental to the harmonics indicates that the forcing amplitude exceeds the threshold value. Note in figure 5(b) that the aluminum structural responses have one harmonic above the broadband, while the graphite-epoxy structure has two harmonics. This difference implies that the threshold value for the aluminum is higher than that of the graphite-epoxy structure. The peak power spectral density level is higher than the aluminum structure by nearly one order of magnitude. At location (7), the harmonics have higher levels with a lower broadband level than location (3). The broadband level at (7) is lower than at (3). This exchange of energy between the broadband and harmonics is due to nonlinear coupling between the turbulent boundary layer and pure tone sound. When the structure is forced by the sound from an underexpanded supersonic jet on a turbulent boundary layer, the screech tones dominate the broadband response (figs. 9 at location (3) and (7)). A short time history indicates random amplitude, a typical temporal chaotic response behavior, convective phase portrait, and nearly Gaussian distribution. Note that the amplitude of the shock modes increases nearly ten fold above the level of the shock harmonics in the aluminum structure. At location 3 the fundamental dominates the broadband level, while at location 7 the harmonic dominates the broadband level with some contribution from the fundamental.
Sound Transmitted Throueh Structure
The turbulent boundary layer with superimposed pure tone sound or sound from the underexpanded supersonic jet induces structural vibration, which in turn induces acoustic pressure in the ambient medium outside the tunnel, simulating the cabin noise, A pressure transducer is placed at 1.6 m from the structure and near its mid-section. Figures lO(a), (b), (c) and  1 l(a), (b), (c) show results of the transmitted pressure for aluminum and graphite-epoxy structures respectively. The figures include real time response p(tL power spectral density PMt), phase @(r) vs p(t), and probability density distributions Q(r,t) . The transmitted pressure waves are qualitatively similar to the waves of the structure, as well as those input to the Structure (figs. 7, 9). The power spectrum density is chaotic and the phase is not periodic. No appreciable difference exists in the level of the transmitted pressure between the two structures, while the vibration level is found to be nearly an order of magnitude higher in the graphite-epoxy than the aluminum structure. The results may not be of great surprise since the construction is different for the two structures. Note that sound radiation comes from the uncancelled volume velocity at the boundary as well from N-wave loads. The graphite-epoxy structure has fewer boundaries and larger responses while the aluminum structure has a greater number of boundaries.
The pure tone harmonics and N-wave response of the graphite-epoxy structure upstream of the nozzle is stabilized and suppressed by a local external fixed temporal oscillator system. Pioneering work by Ott, Grebogi, York and others has indicated that the time needed to achieve control depends on the transient lifetime between periodic and chaotic cycles.13*33934 It r Fig. 9 . Graphite-epoxy structure, real time response, location (3) and (7). forced by turbulent boundary layer and sound from underexpanded supersonic jet.
is necessary to localize the periodic orbit on the surface of the structure, as was done in earlier experiments.
The dynamics of the structure can be changed by using a small feedback control on the surface. This method allows the elimination of the perturbation of the fundamental and harmonics from pure tone and the Nwave load.
The controller, an electromagnetic actuator, is mounted on the graphite-epoxy structure at location 1 ( fig. l(c) where K(t) is an adjustable amplitude. Also, the time shift n(t) ofZi(t) with respect to at) can be controlled.
The control is introduced into the system input as a negative feedback (K > 0). When the control is accomplished, the output signal Z(t) is close to Z,(t), and hence the controlling force F(t) becomes small. At least two and up to four control level adjustments of K and the phase lag n are made by the feedback system.
1, sec.
The response is controlled by forcing the structure at the fundamental frequency through a phase and amplitude tuning stages. In the first stage, the controller forces the panel with amplitude and phase variations K(r) and n(r) so that the energy in the harmonics is shifted back into the fundamental tone. In the second stage, the controller reduces the amplitude of the fundamental by again changing the amplitude and phase. Control is not straightforward, and full control is not always achieved. By comparing the plots in figures 12(c) and 13(c) with those in figures 12(b), and 13(b) and 12(a), and 13(a), the remarkable changes in the level of the pure tone and harmonics is seen, as well as in the level of the shock fundamental mode. The peak amplitude level of the structure is reduced about two orders of magnitude from that without control to nearly the level without external acoustic loadings. Similar changes occur in time plots, phase, and probability. Thus, the system dynamics can effectively be controlled with a small applied force via a single controller.
Conclusion
Nonlinear response of two structures when forced by turbulent boundary layer with high intensity tonal sound or with sound from an underexpanded supersonic jet in forward motion were experimentally determined. The structures were curved; one was made of aluminum with tear stoppers and the other was made of graphiteepoxy without tear stoppers. From these results, the following is summarized:
1. The wall pressure fluctuation with an impinging shock manifests different spatial behaviors due to the different modes and their angular components. 2. The structure when loaded by both turbulent boundary layer and sound produces a random generation of patterns. 2. 3. Multiple real time observation points are essential. 4. Waves with wavelengths shorter than the tear stopper are attenuated. A longer wavelength requires a wider tear stopper.
5.
By using an external oscillator, tonal sound, and shock mode components on a structure can 6. The response of the graphite-epoxy structure exceeds the response of the aluminum structure, while the transmitted pressures have nearly equal levels. This indicates that tear stoppers are a source of sound. 7. By actively controlling the response of the graphite-epoxy structure, the level is reduced to
The problem of spatiotemporal response of nonlinear structural dynamics deserves further research. A concern is maintaining the reality of physical behavior with the constraint imposed by the unsteady changes in spatial domains. The approach used and the results described are still in the early stages of
